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Non-Newtonian Rheology of Igneous Melts at High Stresses and Strain Rates: 
Experimental Results for Rhyolite, Andesite, Basalt, and Nephelinite 
S H A R O N L . W E B B A N D D O N A L D B . D I N G W E L L 
Bayerisches Geoinstitut, Universität Bayreuth, Bayreuth, Federal Republic o f Germany 
The stress-strain rate relationships of four Silicate melt compositions (high-silica rhyolite, andesite, 
tholeiitic basalt, and nephelinite) have been studied using the fiber elongation method. Measurements 
were conducted in a stress ränge of 10-400 MPa and a strain rate ränge of 10 " 6 to 10 " 3 s - 1 . The 
stress-strain rate relationships for all the melts exhibit Newtonian behavior at low strain rates, but 
non-Newtonian (nonlinear stress-strain rate) behavior at higher strain rates, with strain rate increasing 
faster than the applied stress. The decrease in calculated shear viscosity with increasing strain rate 
precedes brittle failure of the fiber as the applied stress approaches the tensile strength of the melt. The 
decrease in viscosity observed at the high strain rates of the present study ranges from 0.25 to 2.54 
logio Pa s. The shear relaxation times r o f these melts have been estimated from the low strain rate, 
Newtonian, shear viscosity, using the Maxwell relationship T = r ^ J G ^ . Non-Newtonian shear 
viscosity is observed at strain rates (e = time "1) equivalent to time scales that lie 3 log 1 0 units of time 
above the calculated relaxation time. Brittle failure of the fibers occurs 2 logi 0 units of time above the 
relaxation time. This study illustrates that the occurrence of non-Newtonian viscous flow in geological 
melts can be predicted to within a logjo unit of strain rate. High-silica rhyolite melts involved in ash 
flow eruptions are expected to undergo a non-Newtonian phase of deformation immediately prior to 
brittle failure. 
1. I N T R O D U C T I O N 
The rheology of magmas is a critical factor in determining 
the mode of occurrence of igneous rocks [ H a r r i s et a l . , 
1970]. A complete understanding of magma rheology re-
quires a comprehensive description of the rheology of the 
melt phase [ S h a w , 1965], Mos t studies of shear viscosities of 
Silicate melts have been conducted at conditions of relatively 
high temperatures and low viscosities (see compilations by 
B o t t i n g a a n d W e i l l [1972], B a n s a l a n d D o r e m u s [1986], and 
Ryan a n d B l e v i n s [1987]). In cases where the stress-strain 
rate relationship has been investigated over a significant 
ränge of strain rate, both Newtonian behavior (i.e., linear 
stress-strain rate relationship) [e.g., S c a r f e et a l . , 1983] and 
non-Newtonian behavior [e.g., L i a n d V h l m a n n , 1970; S i m -
mons et a l . , 1982; Spera et a l . , 1982] have been observed. 
D i n g w e l l a n d Webb [1989] suggested that the strain rates 
above which non-Newtonian behavior is expected to occur 
in Silicate melts can be predicted from linear viscoelastic 
theory. The relaxation (equilibration) time of a melt in 
response to an applied shear stress is given by the Maxwel l 
relation: 
T = T)s/Goc (1) 
where r is the relaxation time, r ) s is the zero frequency 
Newtonian shear viscosity, and G«, is the infinite frequency 
elastic shear modulus of the melt. Given the relative invari-
ance of the value of Goc in liquids in general and Silicate melts 
in particular (for further discussion, see A n g e l l a n d T o r r e i l 
[1983] and D i n g w e l l a n d Webb [1989]), the relaxation time r 
(and relaxation strain rate y = T " 1 ) is proportional to the 
relaxed (Newtonian) shear viscosity of the melt. The Max-
wel l relationship applies for a Single relaxation time. Most 
Silicate melts require a distribution of relaxation times cen-
Copyright 1990 by the American Geophysical Union. 
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tered on an average relaxation time. It has been shown 
[ M i l l s , 1974; Sato a n d M a n g h n a n i , 1985; R i v e r s a n d C a r -
m i c h a e l , 1987] that the Maxwel l relationship provides a good 
approximation of the average relaxation time of Silicate 
melts. The present study was conducted to investigate the 
occurrence of non-Newtonian rheology in geologic melts, 
and to test the applicability of the Maxwel l relation. 
The fiber elongation technique is one of the viscometry 
methods that permits the determination of viscosity at much 
lower temperatures, higher viscosities (10 9 to 10 1 5 Pa s), and 
higher Stresses (10 8 6 Pa) than are possible with the concen-
tric cylinder method (10 5 Pa s and 10 6 Pa). This technique 
was chosen for the present study as the accessible strain 
rates are within an order of magnitude of the calculated 
relaxation strain rates of the melt. 
2. E X P E R I M E N T A L M E T H O D 
Four melt compositions, chosen to represent a wide 
chemical ränge of geological melts, were investigated. The 
compositions are a high silica rhyolite from Little Glass 
Mountain ( L G M ) , an andesite from Crater Lake , a tholeiitic 
basalt from Hawai i , and an 4 'average' ' nephelinite from the 
compilation by Chayes [1975] [see M y s e n , 1987]. The melt 
compositions are presented in Table 1. 
The rhyolite starting material was an obsidian collected 
from Little Glass Mountain, California (by M . Carroll). A 
cobble of the obsidian was broken into chips a few centime-
ters in size. Approximately 100 g of these chips were melted 
stepwise into a 50 c m 3 thin-walled P t 9 5 A u 5 crucible in a 
M o S i 2 element box furnace and held at 1675°C overnight. 
The melted obsidian (hereafter referred to as rhyolite) was 
removed from the box furnace and loaded into a second 
M o S i 2 box furnace equipped with a concentric cylinder 
viscometer [ D i n g w e l l , 1989]. The viscometer P t 8 0 R h 2 o spin-
dle was used to stir the rhyolite melt at 1650°C for 8 days. 
The melt was periodically inspected for bubble content by 
Observation of the rhyolite Wetting the spindle. Fibers ap-
15,695 
15,696 W E B B A N D D I N G W E L L : N O N - N E W T O N I A N R H E O L O G Y O F I G N E O U S M E L T S 
T A B L E 1. Melt Compositions 
L G M C L A HTB N E P 
S i0 2 77.7 62.04 51.20 39.95 
T i 0 2 0.06 0.76 2.59 2.76 
A1 2 0 3 13.0 16.77 13.54 13.50 
F e 2 O l 
FeO* 
— 3.29 9.44 10.84 
0.71 1.98 2.36 0.95 
MnO 0.03 0.25 0.17 0.28 
MgO 0.05 3.25 7.30 7.86 
CaO 0.53 5.07 10.50 12.94 
N a 2 0 4.06 5.01 2.48 4.54 
K 2 0 4.18 1.72 0.50 3.32 
L G M analysis, average of nine, Camebax microprobe 15 kV, 10 
nA on brass, 15 s count times. In weight percent. 
*Fe2C>3/FeO ratio by 5 7 F e Mössbauer spectroscopy. 
proximately 30 cm long were drawn from the rhyolite melt 
by retracting the spindle from the furnace. These fibers were 
examined using optical microscopy and X ray diffractome-
try. They were found to be both crystal- and bubble-free. 
The glass fibers were broken to shorter lengths (with diam-
eters ranging from 0.1 to 0.6 mm) and the ends of the fibers 
were fired in the flame of an oxy-acetylene torch to produce 
beads approximately 1.5 mm in diameter. The lengths of the 
beaded fibers varied from 10 to 18 mm. The starting materi-
als for the andesite, basalt, and nephelinite melts were 10 g 
oxide plus carbonate powder mixes which were directly 
fused in P t 9 5 A u 5 crucibles, at 1500°C for 10 hours with 
occasional hand stirring using an alumina rod. After removal 
of the crucible from the furnace, 1-m-long fibers were drawn 
from these melts using the alumina rod. These fibers were 
further processed in the same manner as the rhyolite fibers. 
The fiber strain was measured using a commercial dilatom-
eter (Model T M A 402, Netzsch Gerä tebau , Selb, West 
Germany). This instrument is a vertically mounted silica 
glass dilatometer equipped with a Kanthai wire-wound 
three-zone furnace. Each furnace zone is controlled inde-
pendently by an electronic set-point Controller resulting in a 
furnace hot zone (±1°C) of 5 cm. The temperature is 
measured by a type S ( P t - P t 9 0 R h i 0 ) thermocouple sus-
pended approximately 3 mm radially distant from the fiber. 
A 1°C correction was applied to the measured temperature 
due to a radial temperature gradient. The silica glass holder 
of the dilatometer supports the beaded glass fiber in a fork. 
A second silica glass rod holds the lower bead of the fiber in 
tension. This second rod is connected to a weight pan at the 
top of the dilatometer via a vanadium rod. Tensile stress is 
applied to the sample by loading weights on the weight pan. 
The elongation of the fiber is monitored by the movement 
of the vanadium rod through the center of a calibrated linear 
voltage displacement transducer ( L V D T ) . The lower silica 
rod has a —17 mm travel. The maximum travel determined 
by the L V D T is, however, 2.5 mm. Therefore, in order to 
obtain total strains greater than 10 _ 1 (extension of the fiber 
from the original —15 mm to a total of —30 mm) it was 
necessary to rezero the L V D T during the experiment. The 
need to rezero the L V D T , together with the limited amount 
of travel available, limits the accessible strain rate ränge to 
10 " 7 to 10 ~ 4 s - 1 . A shear viscosity of 10 1 2 Pa s was found 
to be optimal for the attempt to achieve non-Newtonian 
viscosities. The much higher viscosity and much larger 
cross-sectional area of the silica glass support rod ensure 
that insignificant relaxation of the silica occurs during the 
experiments. 
In the present determinations of viscosity, a tensile stress 
is applied to a melt fiber and the viscosity is determined as 
the ratio of the applied stress to the observed strain rate. In 
this geometry, the observed viscosity i 7 e ] 0 n g is the elonga-
tional viscosity and is related to the shear viscosity r j s by 
_°r_ 9VvVs 
1?elong - - - I ; (2) 
where r j v is the volume viscosity [e.g., Herzfeld and Litovitz, 
1959; Ferry, 1980; M a z u r i n , 1986). 
Each fiber was initially annealed at temperature with a 
load of - 1 0 M P a for a period of 10 4 s (strain « 5 x 10~ 2). 
This equilibration time is 2 Orders of magnitude greater than 
both the shear and volume relaxation times of a melt with 
r j v = Vs ~ 10 1 2 Pa s and G« (shear modulus) ~KX (bulk 
modulus) « 2 5 G P a (rv = rs = 40 s). The determinations of 
non-Newtonian viscosity were begun with this initial stress 
of 10 M P a (e - 10" 5 ; 77 e l o n g - 10 1 2 Pa s); the applied stress 
being increased in steps of —25% until either the fiber broke 
or the end of travel of the lower silica rod was reached. After 
the application of each additional mass, the elongation of the 
fiber was monitored on a 1.2-s time interval for 300 s. The 
applied stress and resultant strain rate were recalculated at 
each 1.2-s interval in order to allow for the changes in the 
dimensions of the fiber. Equation (2) is derived using linear 
viscoelastic theory. This linear theory applies for the case 
where er < 1 [Christensen, 1982]. In the present study, 
where r — 40 s, strain rates less than 2.5 x 10 " 2 s" 1 are 
within the regime of the applicability of linear viscoelastic 
theory. This ränge of strain rates encompasses all of the data 
presented here. 
For strain rates of the order 10 ~ 6 s - 1 , errors in calculated 
viscosity were approximately 0.1 l o g 1 0 Pa s; with increasing 
strain rate to 10 ~ 4 s - 1 this error was reduced to 0.01 l o g 1 0 Pa 
s. It was found that constant values of strain rate (within the 
5-25% uncertainty associated with the calculated strain rate 
for strain rates <5 x 10 ~ 5 s _ 1 ) were obtained within 100 s of 
applying the weight. Fo r a melt with r = 40 s, the calculated 
unrelaxed strain rate is within 8% of the relaxed strain rate 
for times greater than 100 s, indicating that the stress-strain 
rate behavior approaches equilibrium within the time scale 
of the measurement and that the calculated viscosities are 
within error of the relaxed viscosities of the melt. This 
analysis neglects any changes in cross-sectional area and 
length due to elastic deformation. Fo r the strains (>5 x 
10~3) involved in the present experiments, the effect of 
elastic deformation on the calculated stress and strain rate is 
negligible (<0.02%). The quoted uncertainties in viscosity 
include the errors in length and cross-sectional area of the 
fibers (the maximum taper of the fibers used was 7%; 
increasing the error in viscosity by 0.01 l o g 1 0 units), the 
errors in strain rate determination and a further 0.05 l o g 1 0 Pa 
s error due to temperature fluctuations and gradients. 
Although infinite shear strains are possible in a melt, 
volume strain must be limited in magnitude [ M a z u r i n , 1986]. 
The volume viscosity of a melt therefore approaches an 
infinite value with increasing time, and (2) becomes 
17elong = 3i? 5 (3) 
[ F e r r y , 1980; M a z u r i n , 1986] for time » T . The viscosities 
quoted here are the shear viscosities of the melts. For 
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Fig. I . Stress and shear viscosity versus strain rate for Little 
Glass Mountain rhyolite at 856 ± l°C. The errors in viscosity are 
±0 .05 log, 0 Pa s. 
periods >100 s, the shear viscosity calculated using (3) is at 
most 0.02 l o g | 0 Pa s less than the relaxed shear viscosity. 
Due to the limited strain available, it was not possible to 
use the extension of the fiber, and accompanying decrease in 
cross-sectional area, to increase the stress resulting from the 
application of one weight from the Newtonian to the non-
Newtonian stress-strain rate regime. In a preliminary study 
of the viscosity of Little Glass Mountain rhyolite at T = 
856°C, Newtonian shear viscosity was observed over a 
stress ränge of 30 kPa to 200 M P a and a strain rate ränge of 
8 x 10~ 8 to 4 x 10" 4 s _ l . Having observed Newtonian 
viscosity over this large ränge of stress and strain rate, the 
stress employed in the measurements was increased in order 
to produce strain rates approaching the calculated relaxation 
strain rate of the melts. 
3. R E S U L T S A N D D I S C U S S I O N 
The viscosity of L G M rhyolite determined over four 
Orders of magnitude of strain rate ( 1 0 ~ 7 5 to 1 0 " 3 5 s - 1 ) is 
illustrated in Figure 1. A Newtonian shear viscosity of 11.19 
± 0.10 l o g i 0 Pa s was observed in this ränge of strain rates. 
The viscosity of L G M rhyolite was further measured over a 
temperature ränge of 650°-1000°C at smaller strain rates. The 
relaxed (Newtonian) viscosity is illustrated in Figure 2. The 
shear viscosities are an Arrhenian function of temperature 
with an activation energy of 440 kJ mol ~ 1 . 
The critical experiments illustrating non-Newtonian be-
havior are illustrated in Figures 3 and 4. The viscosity of 
T 
11 
10VT (K-«) 
Fig. 2. Shear viscosity of Little Glass Mountain rhyolite as a 
function of reciprocal temperature. The hollow data points are not 
relaxed and are not included in the fit to the data. 
N B S 710 soda lime Silicate melt at 565° ± 1°C is plotted in 
Figure 3 as a function of strain rate. The shear viscosity is 
11.77 ± 0.07 logio Pa s in the low strain rate ränge of 1-4 x 
10 ~ 5 s" 1 . A t strain rates above 4 x 10 " 5 s" 1 the viscosity 
decreases to a value of 9.23 log j 0 Pa s before the fiber 
12.0 
I I I I 
• 
I 
! 
11.5 A 
A 
A 
i __ 
11.0 
• 
10.5 • 
• 
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present study - • 10.0 Newto ian 
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T - 563°C 
• 
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I I I I I 
- 5 - 4 - 3 - 2 -1 
log 1 0 STRAIN RATE (s"1) 
Fig. 3. Shear viscosity of NBS 710 soda lime Silicate as a 
function of strain rate. The arrow indicates the calculated relaxation 
strain rate for a Newtonian viscosity 10 n 7 7 Pa s. 
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Fig. 4. Shear viscosity of Little Glass Mountain rhyolite, Crater 
Lake andesite, Hawaiian tholeiite, and nephelinite as functions of 
strain rate. The arrows indicate the calculated relaxation strain 
rates. 
breaks. This behavior confirms the results of Simmons et al. 
[1982] which are plotted in Figure 3 for comparison. 
In Figure 4, high strain rate viscosity data for the rhyolite 
( L G M ) , andesite ( C L A ) , basalt ( H T B ) , and nephelinite 
(NEP) are plotted as functions of strain rate, at temperatures 
of 818 ± 1°C, 754 ± 1°C, 716.5 ± 1°C, and 673.5 ± 1°C, 
respectively. Each melt exhibits qualitatively similar behav-
ior, with viscosity remaining constant over a ränge of low 
strain rates and decreasing as the strain rate is increased. 
The l o g 1 0 stress versus l o g 1 0 strain rate for these melts is 
plotted in Figure 5. The departure from Newtonian behavior 
is illustrated by the departure from a slope of 1 at strain rates 
>5 x 1(T 5 s" 1 . 
At this point, it is necessary to consider the possible 
effects of viscous heating of these fibers, as the observed 
decrease in viscosity could be caused by increasing temper-
ature. Taking the two extremes of viscosity decrease ( L G M 
and N B S 710), the temperature increases required to reduce 
the viscosity by 0.25 and 2.54 l o g I 0 Pa s are 13°C and 63°C, 
respectively. The rate of doing work on the fiber can be 
calculated from 
dW/dt = a e V (4) 
[ N y e , 1957], where V is the volume of the fiber. For the 
rhyolite and N B S fibers, the rate of doing work is 1.5 x 10 ~ 5 
and 1.0 x 10~ 5 J s _ 1 , respectively. Followingthe analysis of 
Simmons et al. [1982], the lower limit to the rate of heat loss 
by the fiber can be calculated from the radiative heat transfer 
coefficient H : 
H = 4eST3 (5) 
where e is the emissivity, S is the Stefan-Boltzmann constant 
(5.67 x 10" 8 J s" 1 m _ 1 K ~ 4 ) , and Tis absolute temperature. 
Assuming an emissivity of 0.3, / / ( L G M ) = 8 8 J K ~ 1 m " 2 s ~ 1 
and / / ( N B S ) = 40 J K " 1 m ~ 2 s" 1 . The rate of heat loss by 
radiative transfer is 
dQldt = H A A T (6) 
where A is the surface area of the fiber and A T is the 
temperature difference between the furnace and fiber. Set-
ting (4) = (6), the maximum temperature increase in the fiber 
(above that of the furnace) is 0.01°C and 0.15°C for the 
rhyolite and the N B S melts, respectively. Increasing the 
assumed value of emissivity further reduces the calculated 
temperature difference. These calculated maximum in-
creases in temperature due to viscous heating are much 
smaller than the temperature increase required to reduce the 
shear viscosities of these melts by the observed amounts. 
R e l a x a t i o n Curve 
The temperature at which each melt composition was 
investigated was chosen in order to set the shear viscosity to 
— 10 1 2 Pa s. The relaxation time of such melts is calculated 
from (1) to be 40 s, corresponding to a relaxation strain rate 
of —2.5 x 10~ 2 s" 1 . The calculated relaxation strain rates (y) 
are plotted, for each composition, as arrows in Figures 3 and 
4. The deviation from a Newtonian stress-strain relationship 
occurs at strain rates which are —3 Orders of magnitude less 
than the calculated relaxation strain rates. In the case of 
melts described by a Single relaxation time, a 2% deviation 
from relaxed (equilibrium) behavior is expected to occur 2 
Orders of magnitude below the relaxation strain rate. A 
number of studies of Silicate melts in the glass transition 
region (e.g., torsional [ M i l l s , 1974] and ultrasonics [Sato and 
M a n g h n a n i , 1985]), however, indicate more complex relax-
ation behavior than that described by a Single relaxation 
time. A n y distribution of shear relaxation times wi l l result in 
a broadening of the width of the relaxation zone and the 
occurrence of nonrelaxed behavior at lower strain rates than 
predicted from single relaxation strain rate theory. 
Microscopic Considerations 
Recent 2 9 S i N M R studies of relaxation in Silicate melts 
( N a 2 S i 2 0 5 [ L i u et al., 1988] and K 2 S i 4 0 9 [Stebbins, 1988]) 
have resulted in the determination of timescales for the 
exchange of S i - 0 bonds. This time scale corresponds to the 
macroscopic structural relaxation time scale obtained from 
the Maxwel l relation. Thus it appears that the glass transi-
tion results from the exchange of S i - 0 bonds. This implies 
that above the glass transition (i.e., at longer time scales or 
higher temperatures), in relaxed Silicate melts, no individual 
ex tended spec i e s , def ined by S i - 0 bonds ( e .g . , 
S i -O-Si -based polymers) can exist on the time scale of 
Observation. 
The success of the Eyr ing equation [ S h i m i z u and K u s h i r o , 
1984] in relating viscosity to oxygen diffusion implies that 
both oxygen diffusion and viscous flow proceed by the 
translation of single oxygen anions. The onset of non-
Newtonian shear viscosity can be viewed as a consequence 
of the rate of applied shear deformation approaching the 
equilibrium rate of S i - 0 bond exchange. This Interpretation 
is supported by the agreement of the observed exchange 
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Fig. 5. Stress versus strain rate for NBS 710 soda lima Silicate, Little Glass Mountain rhyolite, Crater Lake 
andesite, Hawaiian tholeiite, and nephelinite. Lines of slope = l , (representing a linear stress-strain rate relationship) 
are fit to each set of data. 
frequency of S i - 0 bonds, the macroscopic structural relax-
ation frequency (27TT)"1 and the calculated jump frequency 
of difTusing oxygen anions ( D x ~ 2 = 27r/j u m p) [ D i n g w e l l and 
Webb, 1989]. 
S t r a i n 
The present study underlines an important distinction to 
be made between low strain measurements of the glass 
transition (i.e., frequency domain studies such as mechani-
cal torsion or ultrasonic wave propagation experiments) and 
high strain measurements such as fiber elongation. Both 
types of experiments observe non-Newtonian viscosity as a 
frequency or strain rate dependence of the stress-strain rate 
ratio. In frequency domain experiments, the frequency of 
the applied stress may be increased through the glass tran-
sition frequency ( r ~ ] = l i r f ) and the shape of the relaxation 
function recorded. In time domain experiments, however, 
the stress required to reach strain rates approaching the 
relaxation strain rate y approximates the tensile strength of 
the melt, and the material fails before y i s reached. Figure 6 
is a plot of the strain rate-temperature location of the 
propagation of longitudinal shock [Rigden et al., 1988] and 
ultrasonic [Sato and M a n g h n a n i , 1985] waves in rhyolitic 
melts. The relaxation or r curve of the L G M rhyolite is 
plotted using the present viscosity data of Figure 2 at lower 
temperatures and the method of Shaw [1972] at high temper-
atures in combination with the Maxwel l relation. 
The strain rate-temperature ränge of two time domain 
methods that have been used with rhyolite melts are also 
plotted in Figure 6; the concentric cylinder [ D i n g w e l l et al., 
1985; Spera et al., 1988] and fiber elongation (this study) 
methods. The present study illustrates that, as in frequency 
domain experiments, the fiber elongation technique records 
the onset of non-Newtonian behavior in the melt. It is 
expected, however, that the large nonequilibrium strains 
associated with this technique wil l result in structural aniso-
tropy of the melt [Brückner, 1987]. If these structural 
changes are significant with respect to viscous flow the two 
15,700 W E B B A N D D I N G W E L L : N O N - N E W T O N I A N R H E O L O G Y O F I G N E O U S M E L T S 
I I i i i i L J 
-15 1 1 1 1 1 
5 10 15 
10VT (K _ t) 
Fig. 6. Locations of various experimental techniques with re-
spect to structural relaxation in Little Glass Mountain rhyolite. The 
relaxation curve is calculated from the present measurements (solid 
line) and from the method of Shaw [1972] (dashed line). The 
concentric cylinder viscometry methods are (1) normal torque 
[Dingwell, 1989] and (2) high torque [Spera et al., 1988]. The 
Ultrasonics location is that of Sato and M a n g h n a n i [1985]. The fiber 
elongation area is that of the present study. The location of shock 
wave experiments is estimated using equation 11 of Dingwell and 
Webb [1989], together with the shock wave parameters and high-
pressure moduli of Rigden et al. [1988] and the relaxation time of the 
present rhyolite. 
types of measurements (low strain, frequency domain and 
high strain, time domain) may not necessarily result in 
equivalent nonequilibrium properties being observed in the 
non-Newtonian region. 
B r i t t l e F a i l u r e 
The ultimate result of loading the melt fibers to the high 
Stresses required to reach non-Newtonian strain rates is 
brittle failure of the fiber. Such failure is observed to occur 
without tapering or necking down of the fiber. This Obser-
vation of brittle failure illustrates that in natural processes, 
Stresses sufficiently high to induce brittle failure are also 
capable of inducing non-Newtonian flow. This Observation 
would not be possible from investigations of the glass 
transition made using frequency domain techniques alone. 
The inset of Figure 6 illustrates the relationship between 
the onset of non-Newtonian flow, the brittle failure of the 
fiber and the T curve, calculated from the Maxwel l relation-
ship. The three phenomena are, to a first approximation, 
parallel curves in strain rate-temperature space. The non-
Newtonian onset occurs three log units of time above the 
relaxation curve. This is followed, in the case of continued 
flow at increasing strain rate, by the brittle failure curve, ~ 2 
logio units above the relaxation curve; as observed by 
Simmons et al. [ 1982] . This generalization of parallel slopes 
for the three phenomena is based on the composition (nephe-
linite to rhyolite) and temperature invariance ( 8 1 8 ° - 6 7 4 ° C ) of 
the 3 log unit differences between the non-Newtonian onset 
and the r curve. This is equivalent to an assumption of 
thermorheological simplicity (or the time-temperature equiv-
alence principle). While the assumption of thermorheologi-
cal simplicity works well over the 1 0 0 ° - 2 0 0 ° ränge of many 
studies, it is, however, possible that more complex behavior 
would be observed over larger temperature ranges. 
Geological I m p l i c a t i o n s 
The present study has demonstrated that the stress-strain 
rate relationships of Silicate melts of geological interest 
(rhyolite, andesite, basalt, and nephelinite) all become non-
linear with increasing strain rate. The strain rates required to 
induce non-Newtonian behavior correspond to time scales 3 
Orders of magnitude less than the structural relaxation time 
scale for the melt. The stresses required for such behavior 
are of the order of 1 0 8 Pa and are near the tensile strength of 
Silicate melts. There is no significant temperature or compo-
sitional effect observed to date. 
Eruptive processes involving rhyolite in this strain rate-
temperature ränge should exhibit such non-Newtonian 
stress-strain rate behavior. It is clear from the Observation of 
volcanic ash that brittle failure of the rhyolite occurs during 
ash flow eruptions. This , combined with the results of the 
present study, leads us to suggest that the viscous flow of 
Silicate melts during eruptions involving brittle failure of the 
magma w i l l pass through a stage of unrelaxed, non-
Newtonian deformation. In this study we have observed up 
to 2 .5 log io Pa s reduction in viscosity (Figures 3 and 4 ) . 
Such behavior may also occur during natural deformation 
processes. We suggest that modeling of the fluid mechanics 
of magmatic eruptions and of the strain history of rhyolitic 
glasses include the consideration of non-Newtonian melt 
viscosity in the appropriate ränge of strain rates. 
The present study illustrates that the occurrence of non-
Newtonian viscosity is scaled to the low strain rate, relaxed, 
Newtonian shear viscosity of the liquid. Although this sim-
plifies the composition dependence of relaxation in Silicate 
melts, it does not remove it. A n isothermal comparison of 
the Newtonian, relaxed viscosities of melts of rhyolite and 
nephelinite (a difference of ~ 4 l o g 1 0 Pa s at 1 4 0 0 ° C ) reveals 
how sensitive viscosity is to melt composition. After tem-
perature, the most important factor in determining melt 
viscosity is water content. Qualitatively, the effect of water 
is to reduce the relaxed melt viscosity and the corresponding 
relaxation time of the melt. During ascent of a crystal-poor, 
water-bearing rhyolite, it is possible that water loss could 
increase the relaxation time of the melt into the ränge of the 
time scale (strain r a t e - 1 ) of the magma ascent. If the strain 
rate were maintained, the result would be non-Newtonian 
flow of the liquid. 
The glass transition frequency ( / " ' = 27rr) also has 
implications for seismic studies. Taking the onset of non-
Newtonian behavior to occur 3 Orders of magnitude above 
the relaxation time; nonlinear stress-strain rate behavior and 
increasing velocity and attenuation of seismic waves is 
expected to occur for wave frequencies < 1 0 H z for melts 
with shear viscosities > 1 0 5 6 Pa s (e.g., dry rhyolite at 
1 0 5 0 ° - 1 2 5 0 ° C ; rhyolite + 5% H 2 0 at 5 7 5 ° - 7 2 5 ° C ) . 
4 . S U M M A R Y 
The non-Newtonian rheology of four geologic melt com-
positions (rhyolite, andesite, basalt, and nephelinite) has 
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been experimentally observed using the fiber elongation 
technique at high Stresses and strain rates. The strain rates at 
which non-Newtonian behavior occurs can be estimated 
from the Maxwel l relationship. In the present study, melts 
become significantly non-Newtonian at strain rates corre-
sponding to deformation time scales 3 Orders of magnitude 
slower than the calculated relaxation time. The timescales of 
S i - 0 bond exchange, the onset of non-Newtonian flow and 
the diffusive jump of O anions are related, supporting the 
proposal that the translation of O anions is the mechanism of 
viscous flow and the origin of the glass transition. 
Non-Newtonian viscous flow precedes brittle failure of 
Silicate melts in these experiments. The same behavior is 
expected to occur in natural processes, for example, prior to 
the production of volcanic ash during explosive rhyolitic 
eruptions. The propagation and attenuation of seismic waves 
wil l be strongly frequency dependent in Silicate melts whose 
viscosity is greater than 105 6 Pa s. 
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